Abstract-A low-power on-off-keying impulse-radio (IR) ultra-wideband (UWB) pulse generator (PG) intended for wireless-powered IR-UWB radio applications is presented. The proposed PG has high flexibility, the center frequency, output power and pulse-width (PW) are controllable depending on channel conditions and data rates. Qualitative frequency-domain and transient analyses are presented. A new figure-of-merit (FoM) is proposed such that a more precise comparison between different PGs can be made. The PG is successfully implemented in a TSMC 90 nm CMOS process, measurements show the energy consumption and FoM to be 2.8-7.5 pJ/pulse and 1.6-2.6% respectively. The output swing and PW are 277-329 mV p-p and 509-1088 ps respectively. The core area is 0.092 mm 2 .
INTRODUCTION
Since the Federal Communication Commission (FCC) released a large spectral mask (i.e., 3.1-10.6 GHz) for unlicensed uses, ultra-wideband (UWB) technology has been an active research field. The wide spectral mask not only enables higher date rate, but also precise localization ability and constructing energy-efficient transmitters (TX) by using impulse-radio (IR) technology. Implementations of highperformance wireless-powered IR-UWB TXs become possible even in standard CMOS processes. Pulse generator (PG) is usually the most energy-demanding component in such wireless systems. Large energy dissipation will reduce the TX sensitivity and increase the difficulty of power management circuits design. In most wireless-powered IR-UWB TXs [1] [2] [3] , the PG energy dissipation is less than 10 pJ/pulse. In addition, the PG efficiency is also important to provide reasonable emitted energy and, hence, good communication distance.
The basic idea of most published IR-UWB PGs is to use a high-frequency waveform generator (HFWG), which can be an oscillator, phase-locked loop or delay-line (DL) etc., and shape the output signal to generate the desired envelope by mainly three approaches: filtering [4] , spectrum mixing [5, 6] or multi-pulse combination (MPC) [7, 8] . For the filtering approach, the HFWG output signal is coupled to and filtered by a pulse shaping filter so that the resultant signal can meet the spectrum regulations. In additional to the circuit simplicity, another advantage is that the output parasitic capacitance, which is usually the dominating one inside the PG, can be used as part of the filter and tuned-out by inductors inside the filter. In other words, the capacitive and switching losses could be reduced. However, the filtered energy may be wasted and on-chip spiral inductors are area-demanding.
The spectrum mixing approach consists of a local oscillator (LO) and a mixer like conventional narrowband TXs, the high-frequency LO output is then mixed with the envelope shape. The power consumption and area are relatively large because more components are needed compared to the other two approaches. Moreover, the leakage from LO to the antenna could be problematic. However, a definite advantage is the ability to generate high-quality bi-phase shift key (BPSK) IR-UWB signals. The mixing function could also be performed by switching the oscillator on and off (will be referred to as switching oscillator, SO, approach) [9] . This eliminates the mixer and LO leakage, but reduces control of emitted pulse shape. The SO approach is reported to be energy efficient because of its simplicity. Nevertheless the low antenna resistance loads the tank and reduces its quality factor (QF), large bias current is needed to start-up the oscillation and obtain a large output swing [9] . This makes the SO approach less suitable for wireless-powered IR-UWB radios.
MPC IR-UWB PGs usually utilize DLs as the HFWG. Based on the propagation delay (PD) of the DL and output drivers with different strength, Gaussian-approximate waveforms can be obtained. The MPC approach is shown to be very energy-efficient (5.2 pJ/pulse has been reported in [7] ) and small-size because it contains mainly digital gates. Nevertheless most of the MPC IR-UWB PGs operate at the low UWB band, this is because the capacitive and switching losses due to the output parasitic capacitance increase with frequency. Also, it is not easy to control the envelope accurately due to process variations, filtering and/or calibration may be required.
A low-power DL-based MPC on-off-keying (OOK) IR-UWB PG is presented in this paper. It uses an on-chip spiral inductor to tune out the output parasitic capacitance, the driving requirement and, hence, the transistor size of the output drivers are reduced. In other words, the capacitive and switching losses are also reduced which makes the proposed PG energy-efficient. Moreover, the center frequency (f C ), output power and pulse-width (PW) are adjustable depending on channel conditions and data rates. A similar structure has been adopted in [1] , however limited analysis and results have been presented. The proposed PG is realized in a TSMC 90 nm CMOS process and shows good measurement results.
IR-UWB SIGNAL GENERATION
The basic idea of the proposed PG is to inject energy into an RLC tank which consists of the antenna resistance (R ANT ) periodically as shown in Figure 1 (a). The tank resonant frequency (f o ) and quality factor (Q T ) are given as:
Assume that N energy pulses with 50% duty-cycle are injected to the tank by turning on and off the switch periodically with a frequency of f SW and that every single injected energy pulse circulates back and forth inside the tank with f o . Due to the R ANT , the i-th resonating pulse decays as:
The signal dies out in approximately Q T cycle. If f SW and f o are the same, the resonating pulses will be in-phase and added together. As a result, a higher-energy and longer-PW IR-UWB signal can be obtained. An example with Q T = 2 and N = 2 is shown in Figure 1 (b). It is difficult to determine the output signal amplitude because of the system nonlinearities. Nevertheless it is important to estimate the system frequency response so that the FCC part 15 mask requirements can be met. A qualitative frequency domain analysis is performed. The waveform of the as shown in Figure 2 . As a result, the resultant frequency spectrum can be expressed as
where A I is the amplitude of the injected current. Because the higher-order components of the square wave (the first term) are always out of the UWB band (for example, if f SW = 4 GHz, the higher-order components will be ≥ 12 GHz), only the fundamental component is considered and I INJ becomes
Its bandwidth (BW) is determined by the sinc function and the −10-dB BW (BW −10 dB ) of I 2 INJ is found to be f SW N approximately. I INJ is then filtered by the RLC tank. One important parameter is Q T , and large Q T provides narrower BW and reduces the sideband energy of I INJ . Nevertheless the in-band energy may also be filtered-out and the energy efficiency is reduced. Also Q T has to be much smaller than the inductor QF (Q L ) so as to prevent insertion losses which is given as [10] 
The QF of on-chip spiral inductors is normally around 10-20. Because the energy efficiency is of the most important in this work and the low-frequency (LF) sideband can be filtered-out by adding highpass filter (HPF) or/and exploring the antenna bandpass property, small Q T is preferred to minimize the insertion loss. Notice that the data rate and localization ability also improve with increased BW (small Q T ) [1] . A rule of thumb is to set BW −10dB of I 2 INJ to be smaller than or equal to the −3-dB BW of the RLC tank such that the tank provides only insignificant attenuation. In other words,
An example is shown in Figure 3 , which shows system-level simulation results with f o = f SW = 5 GHz and different combinations of Q T and N . The peak power spectral densities (PSD) are normalized to −41.3 dBm/MHz for better comparisons. In Figure 3(a) , N is set to 2. Increasing Q T from 2 to 5 can reduce the LF sideband energy for 7.5 dB, but reduce BW −10 dB for 32% (from 3.1 GHz to 2.1 GHz). If N is increased to 5 as shown in Figure 3 (b), increasing Q T from 2 to 5 only reduces BW −10 dB for 14% (from 1.4 GHz to 1.2 GHz). Notice that increasing N can provide higher attenuation to the sideband energy because of the narrower BW of the sinc function, the trade-off is that the BW of the mainlobe is also reduced. 
PROPOSED IR-UWB PG
The schematic of the proposed IR-UWB PG is shown in Figure 4 (a). LF EN = '0' and PW EXT = '1' are assumed at this moment, the setting will be explained later. Instead of using a single switch driven by an oscillator as shown in Figure 1 (a), several switches are cascaded and turned on and off at node A and M1 is turned on. This pulls down the output voltage and injects energy into the tank. Due to the R ANT , the signal decays as indicated from (3) . If f SW is approximately equal to f o by setting the control voltage of the starved inverter (V C ), the output signals from all unit cells are in phase and added together. As a result, a higher-energy and longer-PW UWB pulse can be generated. The idea is depicted in Figure 4(c) . Note that the waveforms V P Gi (V P G1 -V P G4 , which are highlighted in grey color) represent the output signals contributed by the i-th unit cell, they are shown for illustration purposes and do not exist actually in the system.
One drawback of other DL-based MPC PGs [7, 8] is that f C and BW are sensitive to the PD variation of the DL. The proposed PG is relatively less sensitive to this variation because the tank bandpass property concentrates the output energy at f o . Figure 5 shows the system-level simulated power spectra with ±5% mismatches between f SW and f o . Around ±3% variation on f C and ±4% variation on BW −10 dB are observed. Larger Q T can make the PG less sensitive to the PD variation, with trade-offs as aforementioned.
The output parasitic capacitance which is usually dominating inside the system is tuned out by L OC , the driving requirement and, hence, the transistors size of the output driver are reduced. In other words, the capacitive and switching losses are also reduced which makes the designed PG energyefficient. L OC connects the PG output to the positive supply rail at DC which provides electrostatic discharge protection.
Another advantage of the proposed PG is its high flexibility. The PW is scalable by adding more unit cells. If more unit cells are cascaded in series, smaller BW and higher-energy outputs can be generated. In addition, the output energy, f C and BW −10 dB (hence also PW) can be adjusted depending on channel conditions. If the radios nearby are using similar operating frequency, f C can be reduced by decreasing V CTRL and setting LF EN to '1' to connect C T . More frequency steps can be obtained by replacing C T with a switched-capacitor array. If the interference from other radios becomes less significant, some unit cells can be disabled by setting their EN input to '0'. The energy consumption can then be reduced. In the designed PG, either two or four unit cells are enabled by switching PW EXT.
EXPERIMENTAL RESULTS
A proof-of-concept prototype is implemented in a TSMC 90 nm CMOS process. A chip microphotograph is shown in Figure 6 . The core area excluding pads is 0.092 mm 2 . The supply voltage is 1.2 V. The PG Figure 7 and Figure 8 respectively. f C can be adjusted from 4 GHz to 5.6 GHz, a larger peak energy and a narrower BW can be achieved by adding more unit cells (i.e., larger N ). The LF components (< 900 MHz) are due to the ringing caused by the bondwires of the voltage supplies, these components can be removed by adding decoupling capacitors. The proposed PG achieves a LF sidelobe (< 2 GHz) energy reduction of 15-20 dB. Some LF sidelobes violate the FCC part 15 mask at such high PRF, we assume they will be removed by adding HPF or simply exploring the antenna bandpass property.
The PG performance is summarized and compared with other published state-of-the-art IR-UWB PGs in Table 1 . The PG energy efficiency is commonly used to compare different PG performance [9, 11] and given as:
where V P -P is the peak-to-peak voltage, R L is the load resistance and E C is the energy consumption per pulse. Nevertheless it is difficult to define the PW precisely because of the ringing caused by the (8) assumes the PG output is a sinewave burst and ignores the pulse shape. To improve this, a new figure-of-merit (FoM) is proposed and given as FoM =
Modern spectrum analyzers can measure signal BWs precisely, and BW −10 dB can partly represents the pulse shape, hence a more precise comparison can be made. The proposed PG is one of the few candidates that can achieve E C of smaller than 10 pJ/pulse. Competitive FoM and η are measured, FoM ranges from 1.6% to 2.6% and η ranges from 2.9% to 4.3%. In [7] , a DL-based MPC PG with E C = 5.2 pJ/pulse and FoM = 4.3% has been reported. Nevertheless it is relatively more sensitive to the PD variation of the DL as aforementioned. A BPSK PG using spectrum mixing approach has been reported in [5] . The BPSK modulations may improve the system performance, however, a very low FoM of 0.05% has been reported because the PG structure is similar to conventional narrowband TXs.
In [9] , a SO topology with a very high FoM of 12.7% has been demonstrated. However, the measured E C is 118 pJ/pulse, we assume the large E C is due to the fact that large current (peak current of 70 mA) is needed to start-up the low-QF LC oscillator and maximize the output swing (and hence η). In [11] , an impulse-forming approach has been proposed and a FoM of 6.8% has been reported. The idea is similar to distributing amplifier, an impulse is inputted to an off-chip tapped DL network which consists of transmission lines and bondwire inductors. The impulse and its replicas are then delayed, scaled and combined at the PG output. The large FoM is because of the usage of HBT transistors which provides higher power capacity and high speed. However, this PG is not suitable for wireless-powered IR-UWB radios because of its large E C of 790 pJ/pulse and large area due to the pad and bondwire inductors. Also, the HBT process fabrication is more expensive compared to the CMOS counterparts.
CONCLUSION
A low-power energy-efficient OOK IR-UWB PG intended for wireless-powered IR-UWB radio applications has been presented. The output power, f C and PW are controllable depending on channel conditions and data rates. Qualitative frequency-domain and transient analyses have been presented and matched with the measurement results. A new FoM has been proposed to compare different PGs in a more precise way. A proof-of-concept prototype has been successfully implemented in a TSMC 90 nm CMOS process. The core area is 0.092 mm 2 . Measurements show the energy consumption and FoM to be 2.8-7.5 pJ/pulse and 1.6-2.6%, respectively, which is competitive to most published IR-UWB PGs and proves the proposed PG suitable for wireless-powered radios. The output swing is 277-329 mV p-p . PW and f C range 509-1088 ps and 4-5.6 GHz, respectively, which provides freedoms to optimize the system performance.
